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ABSTRACT
We have computed the magnetic energy density fraction (B) and the electron energy density
fraction (e) of GRB990123 in terms of the optical flash information (reverse shock model) and
compared them with those determined independently by the afterglow information (forward
shock model). Our result shows: 1) B and e are nearly constant from 50 seconds to 105 seconds
after the gamma-ray trigger, supporting the hypothesis adopted in the standard afterglow model
that the magnetic and electron energy densities are constant during the evolution of the external
shocks; 2) the electron energy density fraction of GRB990123 is nearly the same as those of
GRB970508 and GRB971214, suggesting that it may be a universal parameter. However, the
magnetic energy density fraction of GRB990123 is much lower than those of the other two bursts.
We speculate that this value may depend on the origins of magnetic elds in the energy flow of
GRB. Other instrinsic parameters of GRB990123, such as energy contained in the forward shock
E, the initial Lorentz factor Γ0 of the ejecta, are also determined and discussed in this paper.
These parameters imply that the reverse external shock may have become ultrarelativistic before
it passed through the ejecta shell.
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1 Introduction
The current standard model for gamma-ray bursts (GRBs) and their afterglows is the reball-
plus-shock model (see Piran 1998 for a review). It involves that a large amount of energy,
E0  1051−54 ergs, is released within a few seconds in a small volume with negligible baryonic
load, Mc2  E0. This leads to a reball that expands ultra-relativistically with a Lorentz factor
Γ0 ’ E0=Mc2 > 100 required to avoid the attenuation of hard γ-rays due to pair production (e.g.
Woods & Loeb 1995; Fenimore, Epstein & Ho 1993). A substantial fraction of the kinetic energy
of the baryons is transferred to a non-thermal population of relativistic electrons through Fermi
acceletation in the shock (Meszaros & Rees 1993). The accelerated electrons cool via synchrotron
emission and inverse Compton scattering in the post-shock magnetic elds and produce the
radiation observed in GRBs and their afterglows (e.g. Katz 1994; Sari et al. 1996; Vietri 1997;
Waxman 1997a; Wijers et al. 1997). The shock could be either internal due to collisions between
reball shells caused by outflow variability (Paczynski & Xu 1994; Rees & Meszaros 1994), or
external due to the interaction of the reball with the surrounding interstellar medium (ISM;
Meszaros & Rees 1993). The radiation from internal shocks can explain the spectra (Pilla &
Loeb 1998) and the fast irregular variability of GRBs (Sari & Piran 1997), while the synchrotron
emission from the external shocks provides a successful model for the broken power law spectra
and the power law decay of afterglow light curves (e.g. Waxman 1997a,b; Wijers, Rees &
Meszaros 1997; Vietri 1997; Dai & Lu 1998a,b,c).
The properties of the synchrotron emission from GRB shocks are determined by the magnetic
eld strength, B, and the electron energy distribution behind the shock. Both of them are
dicult to estimate from rst principles, and so the following dimensionless parameters are




UB and Ue are the magnetic and electron energy densities and eth = nmpc2(γp − 1) is the
total thermal energy density behind the shocks, where mp is the proton mass, n is the proton
number density, and γp is the mean thermal Lorentz factor of the protons. In spite of these
uncertainties, an important assumption that B and e do not change with time, has been made
in the standard external shock model. It is important to note that the constancy of B and e
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can not be deduced directly from the power law decay of the afterglow light curve. In fact, if the
magnetic eld in the shock is frozen-in, in which case B varies with time as B / t−, rather
than turbulent, it will also lead to a power law decay. So the correctness of this assumption still
needs testing and examining.
The BeppoSAX satellite ushered in 1999 with the discovery of GRB990123 (Heise et al.
1999), the brightest GRB seen by BeppoSAX to date. This is a very strong burst. Its fluence
(energy > 20 keV) of 5:1  10−4 erg cm−2 (Kippen et al. GCN224) places it at the top 0:3%
of the BATSE’s bursts. An assumption of isotropic emission and the detection of the source’s
redshift z = 1:6004 (Kulkarni et al. 1999a), lead to a huge energy release about 3:41054ergs in
γ-rays alone. GRB990123 would have been amongest the most exciting GRBs even just on the
basis of these facts. Furthermore, ROTSE discovered a prompt optical flash of 9-th magnitude
(Akerlof et al. 1999). It is the rst time that a prompt emission in another wavelength apart
from γ-rays has been detected from GRB. Such a strong optical flash was predicted to arise
from a reverse external shock propagating into the relativistic ejecta (Meszaros & Rees 1997;
Sari & Piran 1998a,b, hereafter SP99a,b). This is the so called \early afterglow". The ve last
exposures of ROTSE show a power law decay with a slope of 2.0, which can also be explained
by the reverse shock model (SP99b; Meszaros & Rees 1999). The usual afterglows in X-ray,
optical, IR and radio bands were also detected after the burst. They have two distinguishing
features: 1) the radio emission is unique both due to its very early appearance and its rapid
decline; 2) the temporal decaying index of the r-band light curve after two days steepens from
about t−1:1 to t−1:8 (Kulkarni et al. 1999a; Fruchter et al. 1999; Casrto-Tirado et al. 1999),
and this steepening might be due to a jet which has transited from a spherical-like phase to
sideways expansion phase (Rhoads 1999; Sari et al. 1999) or a dense cloud which has slowed
down the relativistic expansion of shock quickly to a non-relativistic one (Dai & Lu 1999). The
usual afterglow is considered to be produced by the forward external shock that propagates into
the ISM (see e.g. Piran 1999).
Galama et al. (1999) reconstructed the radio-to-X-ray afterglow spectrum on January 24.65
UT. By combining this spectrum with the radio light curve, they estimated the four key quan-
4
tities (self-absorption frequency a, peak frequency m, cooling frequency c and peak flux Fm)
required to compute the intrinsic parameters of the burst (e.g. the magnetic energy density
fraction B and electron energy density fraction e). They argue that both a higher cooling
frequency and a lower peak frequency can be explained by a low magnetic eld. They even
estimated the eld energy density for the afterglow of GRB990123 to be as low as 10−6 times
equipartition, much lower than that of well-studied GRB970508 (Wijers & Galama 1998; here-
after WG98). For previous bursts, we have no other information apart from the afterglow to
infer the intrinsic parameters of the external shocks. But now the optical flash of GRB990123
has been fortunately detected, which enables us to determine the intrinsic parameters according
to the reverse external shock model and compare them with those determined from the after-
glow. WG98 computed the intrinsic parameters of GRB970508 and GRB971214 in terms of
their afterglow data, and found that e is nearly the same for these two bursts, suggesting it
may be a universal parameter. Here we attempt to examine whether B and e are constant
during the evolution of the external shock waves based on the information of the two aspects of
GRB990123|the optical flash and the afterglow.
The initial Lorentz factor Γ0 is also an important physical parameter of GRBs. It is a crucial
ingredient for constraining models of the source itself, since it species how \clean" the reball
is as the baryonic load is M ’ E0=Γ0c2. Unfortunately, the spectrum of GRBs can provide only
a lower limit to this Lorentz factor (Γ0 > 100). Moreover, the current afterglow observations,
which detect radiation from several hours after the burst, do not provide a verication of the
initial extreme relativistic motion. A possible method to estimate Γ0 of GRBs has been suggested
by Sari & Piran (1999a), based on identifying the \early afterglow" peak time. In this paper, the
initial Lorentz factor has been inferred more precisely from the full set of equations describing
the reverse shock region.
In section 2, we rst compute the intrinsic parameters from the afterglow according to the
forward external shock model and then compare them with those determined from the optical
flash according to the reverse external shock model (section 3). In the nal section, we give our
conclusions and discussions.
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2 Parameters from afterglow
2.1 Broad-band spectrum and the cooling frequency
Intrinsic parameters like the magnetic energy density fraction B , electron energy density fraction
e, energy in the forward external shock E  E52  1052ergs and ambient density n can be
determined from the afterglow spectrum (WG98; Granot et al. 1998), i. e. if we know all three
break frequencies (not necessary at the same time) and the peak flux of the afterglow, we can
infer all these parameters. From the unique behaviour of the radio emission and the broad-
band spectrum of GRB990123, Galama et al. (1999) estimated the quantities of the afterglow
required. We summarize them here: at t = 1:25 days after the trigger, the self-absorption
frequency a  30GHz, the peak frequency m  30GHz, and the peak flux Fm  2mJy.
However, for the cooling frequency c, we only know that it is located at or above the X-ray
frequencies from the spectrum. Galama et al. (1999) tted the optical to X-ray spectral flux
distribution with a power law F / , where the slope  is −0:67 0:02. So the electron index
( dened as N(γe) / γ−pe ) p = 2 + 1 = 2:34. This value is consistent with that inferred by
Kulkarni et al. (1999a).
Recently, Kulkarni et al. (1999b) argued that the radio flare of GRB990123 is not caused
by the forward external shock model. They considered that when a > m, the former evolves
as a / t−0:73, which will cause the radio flux to increase and only when a falls below 8.46GHz
(corresponding time is 10 days after the burst), the flux starts to decay. We think that the jet-
like geometry of GRB990123 energy flow favoured by Kulkarni et al. (1999a), may help to solve
the disagreement. Due to a jet, a / t−
2(p+1)
p+4 / t−1:1 for p = 2:34 (for p = 2, a / t−1 (Rhoads
1999)), decaying faster than the spherical case. So when t = ( a8:46 )
0:9t = 3:9d ( t  1:25d ) , the
flux start to decay very steeply as F / t−p / t−2:34. Moreover, we conjecture the peak break
should not be so abrupt. The realistic light curve may be much rounder at the peak than the
simple broken power law (Rhoads 1999), which likely caused the non-detection of radio emission
even three days after the burst. So in our work, we take the values of a and m inferred by
Galama et al.
The cooling frequency c cannot be seen from the radio-to-X-ray spectrum. This indicates
6
that c is at or above the X-ray frequencies. We need to determine it more precisely. The X-ray
afterglow, observed 6 hours after the burst, decayed with X = 1:44 0:07 ( Heise et al. 1999),
while the optical afterglow with r = 1:10  0:03 (Kulkarni et al., 1999). An X-ray afterglow
decay slope steeper by 14 than an optical decay, which seems to be the case in this burst, is
predicted by Sari, Piran and Narayan (1998), if the cooling frequency is between the X-rays and
the optical. So at the time 6 hours after the burst , 4 1014  c  X  (4:4 − 44) 1017Hz.
Extrapolating it to the time t as c / t− 12 , we get 1:8  1014Hz c(t)  (2 − 20)  1017Hz.
Another speculative constraint on c is obtained from the GRB spectrum itself by Sari & Piran
(1999b), who constrained c  2 1019Hz at the time t  50 sec. Extrapolating it to t, we get
c(t)  0:41018. Now c is almost determined, and we take the middle value c = 11018Hz.
This result is in agreement with the estimate of Galama et al (1999). So we now have all
three break frequencies and the peak flux required to calculate the intrinsic parameters of the
afterglow:
a = 30GHz; m = 30GHz; c = 1 1018Hz; Fm = 2mJy; p = 2:34 (1)
2.2 Formulas determining the parameters
We can use the formulas of m, c and Fm in WG98, but we cannot adopt the formula of a,
because it is valid only when a  m, while in our case, a  m. Let’s rst derive the formula
of the synchrotron self-absorption frequency a in the case of a  m. Following the way of
WG98, we assume that the energy of electrons is everywhere a constant fraction e of internal
energy, and that the shock produces a power law electron distribution: N(γe) = Kγe−p for
γe  γmin. The constants K and γmin in the electron distribution can be calculated from the







p− 1eγ; K = (p− 1)γnγ
p−1
min; (2)
where mp and me are proton and electron masses respectively, γ is the Lorentz factor of the
forward shock, X is the usual hydrogen mass fraction ( as WG98, we set X = 0:7), and n
is the proper number density of the unshocked ambient medium. The synchrotron absorption
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(Rybicki & Lightman, 1979), where P 0′(γe) is the spectral power of an electron emitting syn-













where F is the standard synchrotron function (Ginzburg & Syrovatskii 1965), e is the electron
charge.
When  0   0c, there is no analytic expression of F ( 
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and N(γe)γe / γ
−(p+1)
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We estimate the value of the neglected term in the square brackets is less than 5% of the rst
one for p = 2:34. As WG98, the synchrotron self-absorption frequency is set at the point where










)1=4E521=4n1=2td−1=4(1 + z)5=4Hz (7)
where a denotes the self-absorption frequency in the observer frame, E52 is the energy per unit
solid angle scaled to that of an isotropic explosion of 1052ergs, z is the cosmological redshift,
and td is the time after the burst in units of one day. We have expressed a in terms of the
unknowns we try to solve for. We can see that the formula of a here is quite dierent from the
case of a  m in WG98 or Granot et al. (1998).
The formulas of m, c and Fm are adopted from WG98:








)1=2E521=2(1 + X)−2(1 + z)1=2td−3=2Hz; (8)
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c = 1:12  1021( B10−6 )
−3=2E52−1=2n−1(1 + z)−1=2td−1=2Hz; (9)









where xp and p were dened in WG98, for p = 2:34, they are about 0.60 and 0.58, respectively,
and h70 = H0=70km s−1 Mpc−1. Please note that at the frequency m(= a),  = 0:35, and
the decrease of peak flux Fm due to synchrotron self-absorption is negligible.
By combining Eqs.(1) and (7)-(10), we get the values of four intrinsic parameters of the
forward shock region:
e = 0:11 B = 0:24  10−6 n = 770 E52 = 47 (11)
We can see that our inferred value of B is rather low in contrast with that of the well-studied
GRB970508, which is 0:068 (see WG98). Just as Galama et al.(1999) have pointed out, the
higher cooling frequency and lower peak frequency are caused by a lower eld in the forward
shock region. We can also nd that the electron density fraction e is almost the same as those
of GRB970508 (e = 0:13)and GRB971214 (e = 0:16) (see WG98). We conjecture that e may
be a universal constant, i.e. a constant for every GRB afterglow, while the magnetic energy
density fraction B may depend on the origins of magnetic elds in the shock region, which are
possibly dierent for dierent GRBs (see e.g. Medvedev & Loeb 1999). However, for a certain
GRB, we speculate that the B should remain constant during the evolution of the shock waves.
This is just the argument we try to demonstrate in the next section. The ambient density given
in Eq.(11) is much higher than for GRB970508 and GRB971214. A higher ambient density has
been also inferred by Dai & Lu (1999) and Shi & Gyuk (1999) to explain the light curve break
of the optical afterglow and the radio flare, respectively. We suggest that the denser part of ISM
may be ejecta from the GRB source site.
3 Parameters from the optical flash
We have obtained B of GRB990123 afterglow in the above section. It is much lower than
those of GRB970508 and GRB971214. On the other hand, the prompt optical flash information
of GRB990123 provides an excellent opportunity for us to examine this value. Moreover, the
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optical flash took place at very early time (t  50sec). It also provides us a chance to examine
whether B and e are constants during the evolution of the external shocks, a key hypothesis
of the well-accepted external shock model.
An optical flash is considered to be produced by the reverse external shock, which heats up
the shell’s matter and accelerates its electrons (SP99b; Meszaros & Rees 1999). BATSE’s ob-
servations triggered ROTSE via BACODINE system (Akerlof et al. 1999). An 11.82 magnitude
optical flash was detected on the rst 5 seconds exposure, 22.18 seconds after the onset of the
burst. Then the optical emission peaked in the following 5 seconds exposure, 25 seconds later,
which revealed an 8.95 magnitude signal (1Jy). The optical signal decayed to 10.08 magnitude
25 seconds later and continued to decay down to 14.53 magnitude in the subsequent three 75
seconds exposures that took place up to 10 minutes after the burst. The ve last exposures
depict a power law decay with a slope  2:0 (Akerlof et al. 1999; SP99b). Sari & Piran (1999b)
and Meszaros & Rees (1999) assumed that the ejecta shell follows the Blandford-McKee (1976)
self-similar solution after the reverse shock has passed through it and explained the decay of
t−2:0.
So we assume at the optical emission peak time (t = 50sec) that the reverse shock had just






where Γ0 is the initial Lorentz factor of the ejecta and ΓA is the Lorentz factor of the ejecta at
the optical flash peak time. Then the random minimum Lorentz factor γmin of the electrons in









We also note that the optical emission intensity reached its maximum value at t = 50sec,
implying that at this time, the peak frequency of the electrons in the reverse skock region is
just located at the optical band, i. e. m = R = 4 1014Hz. The cooling frequency c of the
electrons in the reverse shock region can be obtained from that of the forward shock, because
initially, this frequency is the same for both shocks (Sari & Piran, 1999a). The c of the forward
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shocked electrons is 1 1018Hz at t = 1:25d, leading to c;rs(50s) = c;fs(50s) = 4:6 1019Hz.
The formulas of m and c at the reverse shock were given by Sari & Piran (1999a). In order















)1=2(1 + z)−1Hz; (14)
















)−2(1 + z)Hz; (15)
where γc = 6mecT B′2ΓAt is the Lorentz factor of the electron whose cooling time scale is equal to
the dynamic time scale (T = 6:65 10−25 cm2 is the Thompson scattering cross section). The
observed flux at m can be obtained by assuming that all the electrons in the reverse shock





. Adding one factor of ΓA to transform to the observer frame and accounting for
the redshift, we have:
Fm =
NeΓAP 0m(1 + z)
4dL2
; (16)
where Ne is the total number of radiating electrons in the ejecta shell, and dL = 2c(1 + z −
p
1 + z)=H0 is the luminosity distance. Please note that Ne here is dierent from the Ne adopted
in the forward shock region, which is the total number of swept-up electrons by the forward







= 2:3 1054( Eγ




where Eγ is the total energy in γ-rays. Substituting the expression of P 0m and z = 1:6 into
Eq.(16), we get
Fm = 6:8 10−2(
Eγ










Please note that this formula always holds whether the ejecta is jet-like or spherical, because
the beaming factor in Eq.(16) and (17) will cancel out each other in the jet-like case. Now we
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have three equations: (14), (15) and (18) with four unknowns: e, B , Γ0 and ΓA (the value
of ambient density n has been determined in the above section). Another condition can be
obtained from the jump condition of the shock. According to this condition, the Lorentz factor
of the shocked shell should be approximately equal to that of the shocked ISM (Piran 1998).
The Lorentz factor of the forward shocked ISM can be obtained from the standard afterglow








For E52 = 47 and n = 770, we get
ΓA;rs(50s) = ΓA;fs(50s) = 110 (20)
Combining Eqs.(14), (15), (18) and (20) with the conditions: m = 41014Hz, c = 4:61019Hz
and Fm = 1Jy, we nally get:
ΓA = 110; Γ0 = 1220; e = 0:19; B = 0:28 10−6 (21)
Comparing them with those in Eq.(11), we astonishingly nd that the values of e and B
determined from the optical flash information are nearly the same as those from the afterglow,
though B is quite low. Considering the roughness of the reverse shock model used, this result
shows the assumption that e and B are set by microphysics behind the shocks and should
be constants during the evolution of the external shock, is reasonable, supporting the standard
afterglow model and the reverse shock model. Moreover, the value of e is also nearly the same
as those of GRB970508 and GRB971214, suggesting the electron energy density fraction may be
a universal constant. On the other hand, the value B of GRB990123 is much lower than those
of GRB970508 and GRB971214, which indicates that the magnetic energy density may depend
on the origins of magnetic elds in the shock region and that the afterglow of GRB990123 is
really a low-eld one.
We also obtain two by-products, Γ0 and ΓA, which represent the initial Lorentz factor of
the ejecta and the Lorentz factor of the ejecta at the optical flash peak time, respectively. Our
inferred initial Lorentz factor Γ0 is six times larger than that obtained by Sari & Piran (1999b),
who estimated it in terms of the parameter values inferred for GRB970508. Consequently,
12
at the time the reverse shock has just passed through the ejecta shell, its Lorentz factor was
Γrs = Γ0ΓA  11. This indicates that the reverse shock had become ultrarelativistic before it
crossed the entire shell. This result is also dierent from that obtained by Sari & Piran (1999b),
who found the reverse shock of GRB990123 was only mildly relativistic. However we argue that
our result is reasonable according to the criterion presented by Sari & Piran (1995) (also see
Kobayashi et al. 1998). They dened a dimensionless parameter  constructed from l,  and
Γ0:
  (l=)1=2Γ0−4=3; (22)
where l = ( Enmpc2 )
1=3 is the Sedov length,  = cT is the width of the shell (T is the duration
of GRB) and Γ0 is the initial Lorentz factor of the ejecta. If  < 1, the reverse shock becomes
relativistic before it crosses the shell; otherwise ( > 1), the reverse shock remains Newtonian
or at best mildly relativistic during the whole energy extraction process. For GRB990123, we
nd   10−1 < 1. So the reverse shock of GRB990123 had become untrarelativistic before it
crossed the shell, consistent with our calculated result.
4 Conclusions and Discussions
Motivated by checking whether the electron energy density fraction e and the eld energy
density fraction B remain constant during the evolution of the external shock, we have computed
these two values from both the afterglow and the optical flash of GRB990123. In order to do
this, we present a full set of equations to determine the intrinsic parameters of the reverse
shock by combining with the property of the forward shock. Moreover, due to the particular
case a  m in our calculation, we rst derived the formula of a in this case from the basic
synchrotron radiation theory. WG98 have determined the intrinsic parameters of GRB970508
and GRB971214 using the afterglow information. They found e to be nearly the same for these
two bursts. We now choose the same burst|GRB990123, but dierent physical regions of the
burst: the forward shock region (afterglow) and the reverse shock region (optical flash). These
two phenomena took place at dierent time| a few tens of seconds and 105 seconds, respectively.
We nd that e and B are nearly constant during the evolution of the external shock from 50
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seconds to 105 seconds, directly conrming the correctness of the key hypothesis adopted in the
standard afterglow model for the rst time. The two values are: e = 0:11, B = 0:2410−6. We
can see that the value of e is almost equal to those of GRB970508 and GRB971214 obtained in
WG98, suggesting the electron energy density fraction may be a universal constant. However,
B of GRB990123 is much lower than those of GRB970508 and GRB971214. We suggest that
the magnetic energy density fraction may depend on the origins of magnetic elds in the shock
region, which is dierent for dierent GRB energy flow. But for the same burst, it should be a
constant during the evolution of the external shock waves.
From the afterglow data, we also obtain the value of E52, the energy contained in the forward
shock. The assumed isotropic energy in γ-rays is E52;γ  340, almost an order of magnitude
higher than E52. The case of E52  E52;γ has also been found in GRB971214. In WG98, two
possible interpretations were presented. One is that there is a rather long radiative phase in
GRB971214, causing it to emit more of the initial explosion energy in γ-rays and leaving less for
the adiabatic phase. Another interpretation is that the beaming of GRB is stronger in γ-rays
than in optical, because the former come from the fastest ejecta. But for GRB990123, we argue
that the rst interpretation is not plausible, because the transition of the blast wave from the
radiative phase to adiabatic one took place very early due to a low B :




)  10−1sec; (23)
(Piran 1998). However, we think that there is another important reason causing E52  E52;γ .
As we know, there are two possible types of external shock: Newtonian Reverse Shock (NRS)
and Relativistic Reverse Shock (RRS). If the reverse shock is relativistic (RRS), then it reduces
signicantly the kinetic energy of each layer that it crosses. Consequently, there is less energy
left in the forward shock. This is just the case of GRB990123, in which the reverse shock is
ultrarelativistic.
Two important intrinsic parameters of GRB990123 are also inferred from the optical flash
information: the initial Lorentz factor Γ0 and the Lorentz factor ΓA at the prompt optical
emission peak time of the ejecta. They are: Γ0 = 1220, ΓA = 110. Our inferred value of the
Γ0 is six times larger than that obtained by Sari & Piran (1999b), who assumed the canonical
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values of e, B and n. A larger initial Lorentz factor is reasonable in consideration of the huge
energy of this burst. The Lorentz factor of the reverse shock at the optical flash peak time is
Γrs  Γ0ΓA  11, which shows that the reverse shock had become ultrarelativistic rather than
mildly relativistic before it crossed the entire ejecta shell. This result is in agreement with the
criterion presented by Sari & Piran (1995) to judge the RRS case or NRS case.
Prompt optical flash has added another dimension to GRB astronomy. Prompt observations
in the optical band during and immediately after GRB may provide more and more events of
optical flash in the near future, and they will enable us to make more detailed analyses, make
more precise determination of intrinsic parameters and test the reverse|forward external shock
model.
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